Abstract. We develop and extend theoretical and computational methods for the calculation of the deformation, gravity and potential change due to a point source of magma injection into a multilayered, elastic-gravitational earth model. In our calculations, which are based upon the method outlined by Rundle, two distinct layers overlying a half-space may be incorporated. The source can be located in either of the layers or the half-space. The method is quite general, and can be readily adapted to calculations in which stresses in either the layers or the half-space relax by viscoelastic flow. The results obtained indicate that the use of homogeneous half-space to represent the Earth may in some cases be too simple a model and that variations in elastic moduli have a more significant effect than variation in reference density on both the surface displacements and gravity changes. As an example, we calculate the displacement and gravity changes due to a subsurface mass injection in a crust-mantle model appropriate to the volcanic island of Lanzarote, which is presently the subject of numerous geophysical experiments. Both historical and recent data indicate that Lanzarote may be subject to some risk of volcanic eruption in the future, thus our calculations may be useful in interpreting observations of preemption phenomena. The results are discussed in terms of prediction versus measurement capabilities.
Introduction
There are two fundamental and equally hnportant aspects for understanding crustal deformation in volcanic regions: theoretical modeling of the effects caused by the natural phenomenon under study, in this case a magmatic intrusion in the crust; and the practical aspect of continuous observation and appropriate processing of the data obtained. The latter must be performed not only in areas of activity but also in areas of possible activity.
There is a very extensive literature on deformation modeling, most of which does not consider the existence of the ambient gravitational field, the crust being represented by a homogeneous, purely elastic half-space. Rundle [1980 Rundle [ , 1982 obtains and solves the equations that represent the coupled elastic-gravitational problem for a stratified half-space of homogeneous layers, using the propagator matrix technique [Thomson, 1950; Haskell, 1953; Gilbert and Backus, 1966 ] to obtain the surface solutions (potential and gravity changes and deformation). Rundle [1981 ] If we identify the mantle with the infmite half-space, the use of a homogeneous layer to represent the Earth's crust may in some cases be too simple a model. The possibility of developing crustal models with more than one layer has induced us to develop the numerical formulation necessary to obtain explicit expressions for solutions in the case of two layers overlying an infmite half-space. In the following sections, a description is given of the theoretical approach, followed by an extension to the case of a two-layered medium (lithosphere) overlying an infmite half-space (asthenosphere). By way of example, this formulation is applied to the crustal model available for the island of Lanzarote (Canary Islands).
Presentation of the Problem
A magmatic intrusion in the Earth's crust will cause a series of effects related to its mass as well as to the pressurization of the chamber due to overfilling or temperature changes. The effects of most interest for deformation modeling and prediction are those which in principle could be detected on the surface before the eruption, including surface gravity changes and deformation. Hence the problem lies in calculating the changes in the gravitational potential and gravity, and the deformation (vertical and horizontal) caused on the Earth's surface by a magmatic intrusion in the crust.
We consider a model of the Earth including an ambient gravitational field. To obtain the deformation, potential, and gravity changes, we solve the partial differential equations for a layered half-space that represents the Earth's crust and mantle. This half-space is an elastic medium where we place a source of perturbation, a spherical magmatic intrusion, which we treat as a point source.
Our model consists of a stratified half-space of p-1 isotropic and homogeneous layers (Figure 1) where the layers are numbered serially, the shallowest being 1. The half-space is designated layer p. The intrusion is located at (0,0,h).
Solution
The generalized static Navier equations which couple elastic and gravitational effects, satisfied by the displacement vector u and the perturbation potential • in an elastic, self-gravitating uniform, infmite medium [Love, 1911] 
In (1) and (2), qb is the gravitational potential (perturbation potential) produced by the intrusion, u is the displacement caused by this intrusion, P0 is the constant unperturbed density, G is the gravitational constant, g is the unperturbed surface gravitational acceleration, a is the Poisson ratio and kt is the rigidity.
Using the method of $ingh [1970] , Rundle [1980 Rundle [ , 1982 solved ( The matrix [E], a product of propagator matrices (layer matrices), is obtained using the solutions of the infinite space problem [Rundle, 1980] 
where p is the pressure in the magmatic chamber, a its radius and t5 = 1/O-4a).
Gravity Changes
In a nonoceanic Earth model, we need expressions that will give us the surface, free air and Bouguer gravity changes, which will be those observed directly or determined from the observed data. The expressions for any vertical 
For an intrusion located in layer two we will now substitute the expressions for A03 , B03 , D03 , using (40); and (41) for an intrusion in layer three (half-space). The sum of functions that multiply e • must be zero for convergence in (43), and we take advantage of this by setting them equal to zero.
In practice, (43) allows us to develop an easy to program computing algorithm, and the same occurs when we make the successive substitutions needed to calculate the various kernels.
Testing of the Model
Using the explicit solutions, we can compute the deformation and gravity change due to a magma intrusion. We are interested in distinguishing the effects of changes in layer densities and Lam6 constants from the effects caused by the source. To examine these effects, we carried out calculations using a medium consisting of two layers, each with a nominal thickness of 10 km, overlying a half-space. The top layer (layer 1) has reference density pl and Lam6 constants tq, 3,1, the middle layer has reference density and Lam6 constants/32,/•2, 3'2, and the half-space has reference density and Lam6 constants P3, /•3, X3. As a check on our calculations, we compare results to those obtained by placing similar sources in an elastic half space, and in a medium comprising of one layer 20 km thick overlying a homogeneous halfspace. Densities and Lam6 constants for the various calculations are listed in Table 1. been changed. With respect to accuracy, the difference between calculations for the homogeneous half-space, 0, and the layered half-space with uniform reference densities and uniform elastic moduli, 1, are of the order of 1 /xGal in gravity and 1 mm in displacement, due to errors in the numerical integration of equations (3) and (4). The difference in accuracy between our results and those of Rundle [1982] are of the same order. We cannot compare radial displacements between our calculations and those of Rundle [1982] because radial displacements were not calculated by Rundle [1982] . It can be seen that changing the reference density in the layers does not significantly change the results.
In Figure 3 we show the same gravity and displacement changes for models 0, 1 and 8 to 13, where only the value of shear modulus in the layers is changed, due to a center of expansion located at 25 km depth (half-space). Here the differences from the half-space calculation are significant. Figure 4 shows the same quantities due to the presence of a point mass of one mass unit (MU; 1 MU= 1015 g= 1012 kg).
In this case the source is located at 15 km depth, in layer 2. An important effect of shear modulus change is seen for model 9, which has the source in the middle layer and a very low shear modulus in the middle layer.
Application of the Model to Lanzarote Island
As an example, we calculate the deformation and gravity change due to a point magma source embedded within the crust beneath a typical oceanic volcanic region. The island of Lanzarote, shown in 
Conclusions
We have extended earlier methods to compute the displacements and gravity changes due to a point magma intrusion in layered elastic-gravitational media. Specifically, our method can be used for models in which the source can be placed at arbitrary depth in a medium consisting of two layers overlying a half-space. However, the numerical technique can be easily generalized to a medium consisting of an arbitrary number of layers overlying a half-space. The same general methods can also be used to calculate stresses and potential changes as well. These methods would be particularly valuable in interpreting changes in tide gauges following eruption of a volcanic island, because tide gauges measure a combination of changes in uplift and gravitational potential. Our results indicate that variations in elastic moduli have a much more significant effect than variations in reference density on both the surface displacements and gravity changes. Deviations of the half-space displacements in the layered medium from the homogeneous half-space are clearly due to variations in strain arising from changes in the elastic moduli. However, variations in surface gravity are also influenced far more by changes in moduli than by changes in density, implying that changes in density due to volumetric dilatation are significantly larger than Bouguer effects caused by changing the layer reference densities. Our results clearly indicate that models with uniform density and moduli, or even a single layer over a half-space, may be too simple to adequately model observed gravity and deformation changes in volcanic regions. Alternatively, our calculations give a more detailed representation of plate flexure in the near region than the thin plate calculations discussed elsewhere in the literature.
The deformation, gravity, and potential changes due to point sources can be used as Green's functions in more realistic calculations involving volumetrically distributed sources. Moreover, patterns of gravity and deformation changes due to magmatic intrusion into a volcanically active area such as Lanzarote island can be predicted on the basis of past activity, leading to the possiblity of early detection and hazard mitigation. Any observed patterns of deformation can be used to compute the probability that an eruption may occur, that is, in risk assessment calculations [e.g., Sartoris et al., 1990] . Finally, the same methods developed here can be used with other source functions [see Rundle, 1980 ] to calculate deformation and gravity changes from earthquake faulting in models with several layers overlying a half-space.
